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ABSTRACT

A numerical study of a turbulent penetrative and recirculating flow
induced by the energy input due to a fire at the bottom boundary in a
partially open rectangular enclosure is carried out. The compartment
with an opening is connected to a long corridor, which opens into a
stably stratified environment. The stable stratification that is of
interest is a two-layered temperature stratification and is assumed
to be due to fire activity in an adjacent enclosure. In this study,
attention is focused on the interaction between the cavity and its
surrounding ambient medium through the opening. The influence of
the stratification parameter is examined in the turbulent flow regime
by considering a range of stratification levels for given opening height
and initial interface location.

It is found that, depending on the stratification parameter, the
thermal plume that arises above the fire may never reach the ceiling.
Small penetration distances occur at large stratification levels. The
flow field reveals a multicellular pattern: a strong main convective
cell at the bottom and a weak counter cell at the top. The stable
thermal stratification can cause a destruction of the turbulence and
may thus lead to reduced mixing in the flow. This results in the
relaminarization of the flow in the upper region of the cavity and
may significantly affect the transport processes in the enclosure and
distort the simplistic concept of two homogeneous gas layers, which
forms the basis of zone modeling for compartment fires.

NOMENCLATURE

A aspect ratio, A= L/H

Cie, Cz2c  empirical constants in Eq. 7

Cs. empirical constant in Eq. (7)

Cu empirical constant in Eq. (8)

¢, Ok, 0, turbulent Prantdl numbers

g magnitude of the gravitational acceleration, [m/sec?]

Gr Grashof number based on the height of the cavity
Gr=g8 QI}H 3/v?

H height of the compartment, [m]

H; height of the interface, (m)]

u, v
z,y
X,
Z;

Greek

™ R

height of the opening, [m]

dimensionless turbulent kinetic energy

length of the compartment in [m]

length of the extended computational domain, [m]
size of the fire, [m]

length of the doorway soffit, [m]

dimensionless mass outflow rate at compartment opening

average Nusselt number over the fire defined in Eq. (18)

Prandtl number, Pr = £

stratification Parameter, 5 = AT;/AT,

Total heat input by the fire per unit width, {w/m]

heat generation per unit volume, [w/m?|
dimensionless time

dimensionless time step

temperature, [°X]

ambient temperature rise, [°K|

characteristic temperature difference, AT, = Qo/x,
OK]

([iimemionleu velocity components in the x and y axes
horizontal coordinate distance from the back wall, [m]
dimensionless horizontal and vertical coordinates,
X/H,Y/H

distance between the fire and the back wall, [m]
vertical coordinate distance from the room floor, (m]
dimensionless height of hot-cold interface

thermal diffusivity, [m?/sec]

coefficient of thermal expansion, 8 = i- for perfect gas,
o K—l

t[iimem]:ionless ambient temperature gradient define in
Eq.(11)

dimensionless penetration height of the thermal plume
dimensionless turbulent kinetic energy dissipation

dimensionless temperature, ¢ = T—-KTQ'?.‘:Q =0+



Too ég- 0,0

K coeﬁci:nt of thermal conductivity, [w/m° K]

v kinematic viscosity, [m?/sec]

v, effective eddy diffusivity, (1 + v/v)

I turbulent eddy diffusivity, [m?/sec]

P density, [kg/m?) T

. . _ 7Ty

(C] dimensionless temperature, © = TT:I

¥ dimensionless stream function

¢ dimensionless vorticity

Subscripts

e reference to effective value of turbulent eddy diffusivity
i reference to hot-cold interface

s reference to the heat source or fire

w wall value

00,y ambient value at a vertical location y

00,0 ambient value at the lower-layer (y = 0) in two-layer

system

00, u ambient value at the upper-layer in a two-layer system.
INTRODUCTION

The buoyancy-induced turbulent flow in a partially open cav-
ity with a localized heat source, such as a fire, at the bottom
boundary has been studied earlier by Kawagoe (1958), Ku et
al. (1976), Emmons (1978), Satoh et al. (1980), Steckler et al.
(1982), Markatos et al. (1982), Markatos & Pericleous (1983),
and Simcox et al. (1989). In all of these studies, the effects of
environmental factors such as the thermal stratification of the
ambient medium surrounding the opening or the thermal strati-
fication generated within the cavity did not receive much atten-
tion. However, a considerable amount of work has been done
over the past three decades on external flows such as plumes
and boundary layers in the presence of a stable, thermal ambi-
ent stratification. The results have been summarized by Turner
(1973), Jaluria (1980), and List (1982). On the other hand, re-
sults for cavity or complete enclosure flows with stratification
are much less extensive, but include the studies of Walin (1971),
Chen et al. (1971), and Torrance (1979). Some work has also
been recently done by Abib & Jaluria (1992) considering lam-
inar flows in a partially open enclosure with stably stratified
environment.

The flow in an open cavity, such as that due to a fire in a
compartment, will interact with its surroundings through the
opening. The ambient medium may be thermally stratified due
to some earlier fire activity or due to fire in a different location
(Cooper et al. 1982). It is well known that, in such natural con-
vection flows, the mean velocity levels are typically smaller and
the disturbance levels much larger than those observed in forced
flows (Jaluria 1980). This disturbance or turbulence level is of
interest, because it enhances mixing and thus promotes trans-
port of both momentum and energy. As a result, a well-mixed
region of essentially uniform temperature is generated in the
compartment fire. The stratification level is also of particular
importance, because its influence is felt in two ways (McCaffrey
& Quintiere 1977). At first, in an enclosure fire, it affects the lo-
cation of the interface between the hot combustion products and
the cold inflow at bottom (hot-cold interface) by inhibiting the
rise of fire or thermal plume above the heat source. The knowl-

edge of the location of the hot-cold interface is, therefore, very
crucial to the detection and control of a fire. Secondly, when the
thermal stratification is stable, it results in a decay of the turbu-
lence and, hence, leads to a re-laminarization of the flow (see the
review by Quintiere 1984). This may then alter the transport
processes and distort the simplistic concept of two homogeneous
gas layers, which form the basis of the zone modeling analysis
of room fires. The primary objective of the present work is to
study the influence of the ambient temperature stratification in
turbulent regime.

MATHEMATICAL FORMULATION

The Problem

A numerical study of the turbulent recirculating flow due to
energy input by a fire at the bottom boundary of a partially
open rectangular cavity of height H and aspect ratio (height to
length) A of 2, typical of room-size enclosures, is carried out.
The partially open enclosure (or compartment) is in communi-
cation with a long corridor through the opening (Fig. 1). The
corridor surrounding the opening is considered to be stably strat-
ified due to the thermal energy input from various sources such
as a fire at the far end of the corridor or an adjacent room. The
stratification is maintained essentially unchanged over long pe-
riods of time as long as there is an energy input. In modeling
the environmental conditions, a two-layer temperature stratifi-
cation which is usually encountered in room fires (see Cooper et
al. 1982) is appropriate. The compartment and the surrounding
environment are considered to be initially stratified. After the
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Figure 1: Room and corridor system with a step ambient tem-
perature stratification.
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onset of the fire, the environment at the far end of the corridor
is assumed to remain stably stratified.

The phenomenological aspects of fire spread in a room follow-
ing ignition are illustrated in Fig. 2. The gases in the room may
be characterized in terms of upper and lower zones, separated by
a stably stratified interface and affected by shear-induced mixing
near the opening. The fire plume in the center thus penetrates
this stratified medium.

For the present study, following other earlier work, the fire is
replaced by a localized heat source with a constant heat input
per unit width, Qo. Work has been done on the combined radia-
tive and convective transport in gases enclosed in a room with
fire (Larson & Viskanta 1976, Yang & Lloyd 1985, and Fusegi
& Farouk 1989, among others). But in the present study, the
role of radiation in the gases is ignored and the focus is on con-
vective flow and transport, since interest lies in regions far from
the fire. However, the radiative loss from the fire to the walls
is accounted for by using a corrected heat input to the gases.
This is usually a reasonable approximation for small scale fires
(Gr < 10'?). Also, convective mechanisms dominate far from
the combustion zone.

Adiabatic boundary conditions are considered at the side
walls, the floor and the ceiling, assuming that these have heated
up and are well-insulated. Only a single doorway opening is
examined to represent typical room fires. Also, higher stratifi-
cation levels are associated with this case.

For a stratified ambient medium, the influence of the strat-
ification parameter is examined in the turbulent flow regime
by considering a range of stratification levels for a given open-
ing height (say Ho = 0.8H) and initial interface location (say
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Figure 2: The phenomenological aspect of fire spread in an en-
closure.
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H; = 0.5H). The effort is mainly directed at determining the
heat transfer rate, mass flow rate, the penetration distance of
the thermal plume rising above the energy source, and the tur-
bulence and stratification levels that are generated within the
cavity, in order to characterize the resulting penetrative and re-
circulating flow.

Governing Equations

Using H, AT,, and H//gBAT H as reference length, tem-
perature, and time scales, respectively, the governing equations,
in dimensionless form, expressing conservation of mass, momen-
tum, energy, and the turbulent kinetic energy and its dissipation,
for incompressible Boussinesq fluid, can be written as:
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where S, is the source terms for the mean vorticity equation
given by
v,

1
Se= 8+ 758 5

8%y, &y
8v e v e
(82) ayz +4(8y)6yaz}

and G and P are buoyancy and shear production of the turbulent
kinetic energy defined as

1 v
G = - Gr;%
P o= LA +2R)

VGr
with
(8)

Here Ve, Veg, Vek, and v are effective turbulent diffusivities
defined as

Pry; vy ve
t
L. pa=14t; ve=1+—
Tk

Veg = 1+ p

ve = 14v] ; pm
t



The damping wall functions f;, f;, and f, for modified low-
Reynolds (k — ¢)-model of Lam Bremhorst (see Davidson 1990),

here-after denoted as MLB, are:

3
fio= 1+(°'f14)
fi = [1-0.27exp(—Re,*)][1 — exp(—Re,)] (9)
3.4 _@
ERRNER T

where n is the normal distance from the nearest fixed wall.
The coefficients C,;, Ci., Cs,, Ca., ¢, Ok, and o, are empirical
constants given in Table 1. These constants are recommended
by Launder & Spalding (1974), except for the constant Cs. in
the buoyancy term of the €—equation, which is suggested by
Rodi (1980) to be close to 1 in vertical boundary layers and
close to 0 in horizontal layers. For the present work Ci, was

adopted from Fraikin et al. (1980) as Cs, = 0.7/Cy.. All the

Table 1: Empirical constants for (K — €)-model recommended
by Launder & Spalding (1974).

Cu
0.09

Clc
1.44

CZc
1.92

Cse
0.7

a¢
0.9

(4% [

1.01]1.3

symbols are defined in the nomenclature. When considering the
two-layer ambient temperature, a sharp interface is physically
not reasonable and the temperature jump at the interface is
approximated by a gradual rise, using the following expression

Toy = 0.5ATH1 + tanh[b(g - %)]} (10)

where AT; is the temperature jump at the interface, b = 2/AH;
is the compression ratio, H; is the height of the interface and
AH; is the height of the interfacial layer. The dimensionless
ambient temperature gradient 7 for the two-layer ambient tem-
perature profile is given by

_ Hdloy AT ¥
7_AT,, Y2 —0'5bAT,, sech [b(H H))]. (11)

The ratio § = AT;/AT, that appears in the expression of the
ambient temperature gradient 7 is called the stratification pa-
rameter. The stratification parameter S can also be considered
as the dimensionless temperature rise at the interface. Since
the dimensionless temperature © is defined relative to the am-
bient temperature T,y an extra term vy appears in the energy
equation (Eq. (4)). This term describes the vertical convection
in a stratified medium. In an isothermal ambient case, Ty is
constant and the extra term becomes zero.

The governing equations introduce three dimensionless pa-
rameters: the Grashof number Gr, the Prandt! number Pr, and
the stratification parameter S. Since the fluid considered is air
the Prandtl number Pr is set to a value of 0.72. The size of
the fire L, is set equal to 0.2H and the location is taken as
X, =0.9H.

Initial and Boundary Conditions
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The initial and boundary conditions for the governing equa-
tions (1) - (6) are specified as )

¢ Initial condition at ¢ < 0:
isothermal or stably stratified room and environment. Lam-
inar u-, v-, 9-, (- profiles specified , ® = 0, and non-zero
perturbations in K and e, typically:

2
K=10" y;=2_10 =G ,,K—, (12)
v v}
¢ Boundary conditions at ¢ 20:
1. Bottom boundary (floor) at y = 0:
u:u:’q/):K:%:O, C?Cw, 0<z< 2mas
0 0<z<z,
'gg= (LI,,:[_I" 3.S$Sz.+l.
y 0 T+l 2 < T
2. Ceiling at y = 1 and doorway soffit at y = h,:
u=v=¢=K=g—;=§=0,
(=Cu 0<z< 20,
3. Left side wall or back wall at z = 0:
U=v= = =g—;=g—2=0’
(=(, 0<y<1 (13)

4. Dootsoﬂitwallsa.tz:Aand::A+lg:

u=v=9p=K=%=0, (=¢,
%=0, hosysl

5. Right far-field boundary at z = z,,,,:

v =F=F=0 0<sy<1
0=0 ifu<o (inflow)
‘3‘—5:0 ifu>0 (outflow)

For the wall vorticity Cw, a first-order form first given by Thom
(1928, cited in Roache 1972) is used

'¢'w+1 — ¢w

=2

where n is the direction normal to wall, This first-order form is

the safest form to use and often gives results essentially equal
to the higher-order forms (Roache, 1972).

+0(An) (14)

NUMERICAL SOLUTION

The statistically averaged equations governing the mean-flow
quantities are given in Eqs. (1) - (6). Despite the time-averaging,
the unsteady terms are kept in the formulation of the governing
equations to account for unsteadiness in the transport processes.
In other words, according to Rodi (1987), the averaging is car-
ried out over-all turbulent motions, i.e. over a time period that
is larger than the time scale of turbulence. However, the aver-
aging time is smaller than the time scale of non-turbulent mean




motion. In an enclosure, the latter is basically determined by
the time scale of the internal gravity waves. Since we are only
interested in the large-time behavior of Reynolds-averaged equa-
tions, we use the results to check if the unsteadiness has died
out and if a steady state solution is reached.

The details’of the numerical scheme used are given by Abib
(1992). The governing equations are discretized with the control-
volume based finite-difference method. The advection and diffu-
sion terms are discretized with the power-law scheme (Patankar,
1980). Due to the non-linearities in the advection terms and in
the boundary conditions and due to the decoupled nature of nu-
merically solving the transport equations, it is necessary to use
an iterative method for the solution of the system of discretized
equations. The temporal discretization is executed implicitly.
The solution for @, {, ¥, K, and ¢ is obtained by an iterative
procedure at each time step. The iterative method is a double
loop in which the inner loop is a line by line method, in which
tridiagonal matrix is inverted in each sweep direction, for the
variables ©, {, K, and ¢, and the SOR method is employed for
3. Because of the non-linearity, it was necessary to under-relax
both the interior field and boundary points of the discretized
equations.

The existence of a thin boundary layer near the walls re-
quires that a non-uniform grid be used that gives a strong grid
refinement near the walls. A hyperbolic grid distribution was
used, defined as

X 1 tanh [ (i/imez — )] . .

B = Ut b g 2 = 0L 2 e (15)
Y; 1 tanh [ (3/imaz — 3)]4 . .

== =0,1,2,...,tmaz 16

7 =zl tanh(a/2) : (16)

where « is given by az = a;/sinh(@;). In all the calculations,
ag is taken as 1.5 x 103 which gives a; = 6.811, to ensure that
at least 8 to 10 points lie between the wall and the location of
maximum velocity in the boundary layer. In the y-direction, ex-
tra grid points are added at the location of the interface of a step
ambient temperature profile in order to resolve sharp gradients.
Also, in the x-direction, extra points (10 points) are added near
the location of the heat source. In order to ensure numerical
accuracy of the results the computational mesh is refined from
50 x 50 (with 30 x 30 points inside the room) to 100 x 100 (with
60 x 60 inside the room).

Using the analogy of buoyancy-driven flows in a cavity with
differentially heated side walls (see Gills 1966, Patterson & Im-
berger 1980, and Henkes 1990), the time evolution in the open
cavity at large Gr is dominated by two time scales:

AZH? o2
v

t =

(GrPr)™Y% and t, = —(GrPr)~'2. (17)

The diffusion time scale tg = %(GrPr)O is the dominant time
scale at small Gr, but is of minor importance at large Gr. The
time scale #; is larger than ¢; and determines the needed time
to reach the steady state. The time scale £, is the Brunt-Vaisala
time scale and determines the maximum time step that still gives
a stable numerical solution. This time step limitation has also
been reported by Thompson et al. (1987), Henkes (1990), and
Davidson (1990) from their study of buoyancy-driven turbulent
flow in a rectangular cavity. The required number of time steps
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is estimated as f., = ﬂ- = Az(GrPr)lﬂ. For all cases, a time
step At = 5 or 1 is used to ensure a stable numerical solution.

Initially, the compartment and the surrounding environment
is considered to be stably stratified (i.e © = 0). After the on-
set of fire in the compartment, the environment at the far end
(T = Tmaz) is assumed to remain stratified. The initial condi-
tions for Eqs. (5) and (6) can be obtained from non-zero pertur-
bations in K and e. Typical values of Kj is 1078, 1} is in the
range from 2 to 10 and ¢, is evaluated as Gr'/2C,K2/(v?)o. The
values of Ko and (v])o have been varied and have a negligible

effect on the computed results.

RESULTS AND DISCUSSION

The influence of ambient medium stratification in a par-
tially open cavity has been addressed by Abib & Jaluria (1992),
considering small values of Gr so that the resulting buoyancy-
induced flow remains laminar. We are now interested in the
turbulent regime which is of much greater significance for room
fires, and consider a partially open cavity with a doorway open-
ing of height Hy = 0.8H, with adiabatic walls and with a fire
located at the middle of the bottom boundary (X, = 0.9H). A
step ambient temperature distribution is considered. The results
reported here refer to Gr = 2 x 10'° and the ambient temper-
ature stratification parameter S is varied from 0.005 to 0.05.
These values are selected so that both weak and strong thermal
stratification can be simulated.

Steady state solution is sought, as before, by numerically
solving the initial-value problem. For values of Gr > 2 x 108,
the achievement of a true steady state is made difficult by the
presence of the internal gravity waves, in particular, when the
medium is stratified. This problem was discussed in detail by
Abib & Jaluria (1992) for Gr = 2 x 107 and Gr = 2 x 10®. This
discussion is also valid for Gr = 2 x 10'°. The only difference
is that the amplitude is slightly larger due to the higher value
of Gr. For instance, at Gr = 2 x 10'°, oscillations are shown in
Fig. 3 for the average Nusselt number Nu, define as

— “ 1
“1,3)e O, &

—_— 1

Nu, (18)
and the eddy diffusivity (v¢/v): at a point in the cavity with
coordinates x=0.138, y=0.158. The stream function . and the
eddy diffusivity (v/v). at the center of the cavity (x=1.0, y=0.5)
are also shown in Fig. 4. The amplitude of the stream function
oscillations are less than 3-5% of the mean, while those of the
temperature are slightly higher (5-10% of the mean). For the av-
erage quantities such as the heat transfer rate over the fire Nu,
and the mass outflow rate at compartment opening mv/Gr, the
fluctuations are even less, being 0.2% for the heat transfer rate
and 2.5% for the mass flow rate.

Flow and Thermal Field

The computed steady state flow and thermal fields are shown
in Fig. 5 for § = 0.005. The top graph (a) shows the isotherms’
and the bottom graph (b) shows the streamlines’. The figure
shows that the thermal plume, which flows along the back wall,

1Temperature contours are scaled by a factor of 100 in order to plot

legible labels on the plots.
2gtream function is scaled by a factor of 1000.
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Figure 3: (a) The average Nusselt number at the fire Nu, and
(b) the turbulent eddy diffusivity ( )1 at a location (z = 0.036,
¥ = 0.5) as functions of time in a two-layer stratified ambient
with § = 0.01,Gr = 2 x 10", and H, = 0.8H4.

reaches the ceiling because the thermal stratification of the am-
bient medium is weak. As the stratification parameter § is in-
creased to say a value of § = 0.01 (results shown in Fig, 6), the
wall plume is unable to reach the ceiling. Two cells are formed,
a strong main cell and a weak counter cell. The largest veloc-
ities are found in the main convective cell. The flow pattern is
similar to that described by Abib & Jaluria (1992), but much
more vigorous because of the higher value of Gr. There is also
more mixing in the cavity due to the turbulence which enhances
it and, hence, leads to the establishment of isothermal layers at
the bottom (lower-layer) and the top (the upper-layer). In the
case of an isothermal ambient medium (§ = 0), the computed
steady state flow field agrees qualitatively with fire work (see
Abib 1992 for further detail).

The Mean Velocity and Temperature

The vertical distribution of the temperature o, at Gr =
2 x 10", for various ambient temperature stratification levels,
is shown in Fig. 7. Like the laminar case presented by Abib &
Jaluria (1992), the horizontal temperature gradients are small
except near the fire and the back wall. Three distinct regions
can be identified for the vertical temperature profiles. These
are:

¢ The lower layer which is at an essentially uniform temper-
ature or is slightly stratified, except in the vicinity of the
fire and the back wall.

e The intermediate stratified layer. This linearly stratified
layer is generated as a consequence of the interaction be-
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Figure 4: (a) The turbulent eddy diffusivity (%) and (b)

the mean stream function ¥, at the center of the enclosure

as functions of time in a two-layer stratified ambient with

§=0.01,Gr=2x 10, and H, = 0.8H.

tween the enclosure and the ambient medium.

¢ The upper layer which is at a uniform temperature. The
temperature level in this region is close to or lower than
that of the ambient medium at the same height.

The location of the intermediate stratified layer is very hard
to define since it varies horizontally. From a visual inspection
of the temperature profiles, it is seen that the average height
of the intermediate layer is 0.175. The slope 7 of the stratified
intermediate layer may be considered as a measure of the strati-
fication level. It is observed that the stratification level increases
slightly as the stratification parameter of the ambient medium
is increased (see Table 2). The generation of the intermediate
stratified layer is due to the fact that the rise of fire plume is
inhibited by the presence of the stable temperature gradient in
the cavity. The plume is confined to a certain height above the
interface (the penetration distance) which is below the ceiling
(see Table 2). The plume causes a recirculation within the up-
per and lower layers. As the result of the stirring and mixing,
between the cooler layer with fluid from the warmer upper layer,
a linearly stratified intermediate layer is generated.

The vertical distributions of the horizontal component of the
velocity u, at Gr = 2 x 10'°, for various ambient temperature
stratification levels S are shown in Fig. 8. The u-velocity pro-
files show a strong convective main cell and a weak counter cell
above it in all the cases where § £ 0. In the main cell, there
is inflow at the bottom and outflow at the top part of the cell.
The influence of the ambient stratification parameters is more
pronounced in the top part of the main cell, as the outflow is
increasingly retarded as S is increased. This is, of course, due
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Figure 5: Steady state turbulent flow and thermal field, at Gr =
2 x 10%°, for a partially open cavity in a two-layer stratified
ambient with .§ = 0.005. The opening height is Hy = 0.8H, wall
boundaries are adiabatic, and the fire is located at the middle
of the bottom boundary. (a) Isotherms and (b) streamlines.
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Figure 7: Vertical profiles of the mean temperature ¢, at Gr =
2x10'°, for a partially open cavity in two-layer stratified ambient
with various values of the stratification parameter S.
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Figure 9: Contour lines of (a) the turbulent kinetic energy k
and (b) the turbulent eddy diffusivity 1;/v, at Gr = 2 x 10'°,
for a partially open cavity in a two-layer stratified ambient with
§ = 0.005. The opening height is Hy = 0.8H, wall boundaries
are adiabatic, and the fire is located at the middle of the bottom
boundary.
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(a)

(6)

Figure 6: Steady state turbulent flow and thermal field, at Gr =
2 x 10'°, for a partially open cavity in a two-layer stratified
ambient with S = 0.01. The opening height is Hy = 0.8H, wall
boundaries are adiabatic, and the fire is located at the middle
of the bottom boundary. (a) Isotherms and (b) streamlines.
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Figure 8: Horizontal component of the iean velocity u as func-
tion of the vertical distance y, at Gr = 2 x 10, for a partially
open cavity in two-layer stratified ambient with various values
of the stratification parameter S.
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Figure 10: Contour lines of (a) the turbulent kinetic energy k
and (b) the turbulent eddy diffusivity n/v, at Gr = 2 x 101°,
for a partially open cavity in a two-layer stratified ambient with
§ = 0.01. The opening height is Hy = 0.8H, wall boundaries
are adiabatic, and the fire is located at the middle of the bottom
boundary.



Table 2: The penetration distance ép, the height of the hot-
cold interface Z;, the stratification level -+, and mass outflow

rate mGr

/2 room with an opening, with Hy = 0.8H and Gr =

2 x 10'° for a two-layer stratified environment.

S
0.005 0.01 0.05
bp 0.4 0.425 0.425
Z; 0.3 0.23 0.21
p 2.5 2.6 3.0
mv/Gr | 3.575 x 10=° | 3.302 x 10-2 | 3.06 x 102

to reduction in the local buoyancy caused by the increase in
the ambient temperature with height. The mass outflow rate
increases with Gr, for a given doorway opening, because of the
larger energy input. However, it decreases with an increase in
the ambient stratification (see Table 2) because stratification
causes a reduction in the buoyancy level, resulting in a less vig-
orous flow. In isothermal ambient medium case, the computed
mass outflow rate is in a fairly good agreement with results re-
ported in fire literature (see Abib 1992).

The Turbulent Quantities

As for the turbulent quantities, contour plots of the turbu-
lent kinetic energy® K and the eddy diffusivity /v are shown
in Figs. 9 and 10, for $ = 0.005 and § = 0.01, respectively. The
top graph (a) refers to the kinetic energy, while in the bottom
graph (b) refers to the eddy diffusivity.

In the case of a weak ambient stratification (say, for instance,
S = 0.005) the fire plume is able to penetrate into the upper
layer. Turbulence is generated in the region between the fire
and the back wall (in the attachment area of the wall plume).
From there, it is convected to the upper layer. When the am-
bient stratification is strong (say § > 0.01) the plume rise is
inhibited by the stable gradient. Turbulence is confined in the
left corner between the fire and the back wall where it is gen-
erated since the stable gradient will destroy the turbulence. A
similar behavior of the turbulence confinement is obtained in
the isothermal ambient medium case, but with a smaller open-
ing height (say Ho = 0.3H). This interesting case is discussed
in greater detail by Abib (1992).

Relevance to Zone Modeling Analysis of
Room Fires

Zone models have been extensively used to predict the growth
of fire in a room by determining the average temperature levels
and the flow rates, using turbulent plume analysis and Bernoulli’s
equation for flow through the doorway opening. The room is di-
vided into distinct homogeneous layers. Each layer is assumed
to be at uniform conditions, while different layers are at different
conditions (see review by Quintiere 1977). Tke accuracy of zone
models to predict conditions in a room fire depends on the ac-
curate determination of flow rates, energy transport and mixing

3Turbulent kinetic energy K is scaled by a factor of 108 in order to plot
legible contour labels on the plots.
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across the interface. However, the suppression of turbulence in
the upper part of the room fire by buoyancy and the subsequent
re-laminarization of the flow, and the failure of the fire plume
to penetrate into the upper layer of the room due to the sta-
ble thermal stratification of the environment, may significantly
alter the transport processes. These aspects have not yet been
included in such models for fire growth studies (Quintiere 1984).

This study addresses the influence of stratification and quan-
tifies it in terms of penetration distance of the fire plume &, and
the height of the hot-cold interface Z; for a given heat input. In
order that this work be useful for zone modeling, correlations for
85 and Z; as function of Grashof number, opening height and ini-
tial stratification are needed. We also need some experimental
data and observations of these flow circumstances to compare
with numerical results.

CONCLUSIONS

A study of turbulent penetrative convection, in a compart-
ment fire was carried out. The fire is simulated by a small
localized energy source at the bottom boundary. A compart-
ment with a doorway opening is connected to a long corridor
which opens into a two-layer stably, thermally stratified am-
bient medium. The study mainly focuses on the interaction
between the compartment and the environment factors such as
temperature stratification of the ambient medium at high Gr.

The results obtained agree qualitatively with fire work. In
the range of the stratification parameter S examined, it was
found that for large values of S the fire plume does not reach
the ceiling. The flow reveals a multi-cellular pattern consisting

of a strong main cell at the bottom part of the room and a weak
counter cell at the top. The penetrative flow takes place in the
form of horizontal motion in the upper part of the main cell.

Because of the stable thermal stratification, the rise of the
fire plume is inhibited and the hot-cold interface is lowered and,
furthermore, the turbulence is suppressed and results in the re-
laminarization of the flow in the upper part of room. It, thus,
alters the transport processes, leading to reduced mixing in the
flow. This may then require changes in the simplistic concept
of two homogeneous gas layers which forms the basis of zone
modeling analysis of room fires.
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